Supporting information: this article has supporting information at journals.iucr.org/c Three closely related 1-(naphthalen-2-yl)prop-2-en-1-ones: pseudosymmetry, disorder and supramoleular assembly mediated by C-HÁ Á Áp and C-BrÁ Á Áp interactions
It has been observed that when electron-rich naphthyl rings are present in chalcones they can participate in -stacking interactions, and this can play an important role in orientating inhibitors within the active sites of enzymes, while chalcones containing heterocyclic substituents additionally exhibit fungistatic and fungicidal properties. With these considerations in mind, three new chalcones containing 2-naphthyl substituents were prepared. 3-(4-Fluorophenyl)-1-(naphthalen-2-yl)prop-2-en-1-one, C 19 H 13 FO, (I), crystallizes with Z 0 = 2 in the space group P1 and the four molecules in the unit cell adopt an arrangement which resembles that in the space group P2 1 /a. Although 3-(4-bromophenyl)-1-(naphthalen-2-yl)prop-2-en-1-one, C 19 H 13 BrO, (II), with Z 0 = 1, is not isostructural with (I), the molecules of (I) and (II) adopt very similar conformations. In 1-(naphthalen-2-yl)-3-(thiophen-2-yl)prop-2-en-1-one, C 17 H 12 OS, (III), the thiophene unit is disordered over two sets of atomic sites, with occupancies of 0.780 (3) and 0.220 (3), which are related by a near 180 rotation of the thiophene unit about its exocyclic C-C bond. The molecules of compound (I) are linked by three independent C-HÁ Á Á(arene) hydrogen bonds to form centrosymmetric octamolecular aggregates, whereas the molecules of compound (II) are linked into molecular ladders by a combination of C-HÁ Á Á(arene) and C-BrÁ Á Á(arene) interactions, and those of compound (III) are linked into centrosymmetric dimers by C-HÁ Á Á(thiophene) interactions.
Introduction
Chalcones, or 1,3-disubstituted-prop-2-en-1-ones (R 1 COCH CHR 2 ), exhibit a range of biological activities (Di Carlo et al., 1999; Dimmock et al., 1999) , including potential as effective pharmaceutical agents in a number of applications, such as anticancer agents (Lawrence et al., 2006) and as anti-infective and anti-inflammatory agents (Nowakowska, 2007) . It has been observed that when electron-rich naphthyl rings are present in chalcones they can participate in -stacking interactions, and this can play an important role in orientating inhibitors within the active sites of enzymes (Mascarello et al., 2010) , while chalcones containing heterocyclic substituents additionally exhibit fungistatic and fungicidal properties (Opletalová & Sedivý, 1999) .
Prompted by these considerations, we have prepared three new chalcones containing 2-naphthyl substituents, namely 3-(4-fluorophenyl)-1-(naphthalen-2-yl)prop-2-en-1-one, (I), 3-(4-bromophenyl)-1-(naphthalen-2-yl)prop-2-en-1-one, (II), and 1-(naphthalen-2-yl)-3-(thiophen-2-yl)prop-2-en-1-one, (III) (Figs. 1-3, and Scheme 1), whose molecular and supramolecular structures we report here. The compounds were all prepared by Claisen-Schmidt condensation reactions between 2-acetylnaphthalene and the appropriate aldehyde. The constitutions of compounds (I) and (II) differ only in the identity of the 4-halogeno substituent in the aryl ring, while compound (III) contains a thiophen-2-yl unit instead of a substituted aryl ring.
Experimental

Synthesis and crystallization
For the synthesis of compounds (I)-(III), an aqueous potassium hydroxide solution (50% w/v, 5 ml) was added to equimolar mixtures (0.58 mmol of each component) of 2-acetylnaphthalene and the appropriate aldehyde [i.e. 4-fluorobenzaldehyde for (I), 4-bromobenzaldehyde for (II) and thiophene-2-carbaldehyde for (III)] in methanol (20 ml). The mixtures were then stirred at ambient temperature for 4 h, an excess of ice-cold water was added, and the resulting solid products were collected by filtration and dried in air. Crystals suitable for single-crystal X-ray diffraction were grown by slow evaporation, at ambient temperature and in the presence of air, of solutions in dichloromethane-ethyl acetate (1:1 v/v) for (I) and (III) or dimethyl sulfoxide for (II). The yields were 80% for (I), 85% for (II) and 75% for (III).
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . It was apparent from an early stage in the refinement of compound (III) that the thiophene unit was disordered over two sets of atomic sites research papers Computer programs: APEX2 (Bruker, 2012) , SAINT-Plus (Bruker, 2012) , SHELXS86 (Sheldrick, 2008) , SHELXL2014 (Sheldrick, 2015) and PLATON (Spek, 2009). having unequal occupancies. For the minor-disorder component, the bonded distances and 1,3-nonbonded distances were restrained to be the same as the corresponding distances in the major-disorder component, subject to s.u. values of 0.005 and 0.01 Å , respectively. In addition, the anisotropic displacement parameters for pairs of atoms occupying essentially the same volumes of physical space were constrained to be identical. All H atoms, apart from those in the minor-disorder component of compound (III), were located in difference maps, and were then treated as riding atoms in geometrically idealized positions, with C-H = 0.93 Å and U iso (H) = 1.2U eq (C). The H atoms in the minor-disorder component of compound (III) were included in calculated positions on the same basis. With these conditions, the occupancies of the disorder components in (III) refined to 0.780 (3) and 0.220 (3). In the final analysis of variance for compound (I), there were negative values of
)/mean(F c 2 ) for the two groups of the very weakest reflections: K = À7.211 for the 749 reflections having F c /F c (max) in the range 0.000 < F c /F c (max) < 0.002, and K = À0.461 for the 649 reflections having F c /F c (max) in the range 0.002 < F c /F c (max) < 0.004. For compounds (II) and (III), there were values of K = 2.844 and 2.982, respectively, for the 311 reflections having F c /F c (max) in the range 0.000 < F c /F c (max) < 0.008, and the 323 reflections having F c /F c (max) in the range 0.000 < F c /F c (max) < 0.006.
Results and discussion
Compound (I) crystallizes with Z 0 = 2 in the space group P1. The two independent molecules (Fig. 1) were selected to have the same signs for the torsion angles Cx2-Cx1-Cx12-Cx11 and Cx2-Cx3-Cx31-Cx32 (Table 2) , where x = 1 for molecule 1, containing atom O11, and x = 2 for molecule 2, containing atom O21, and the values indicate very similar conformations for the two independent molecules. The corresponding values for compound (II) (Fig. 2) indicate a molecular conformation in (II) very similar to those found in (I).
In compound (III), the thiophene unit is disordered over two sets of atomic sites, with occupancies of 0.780 (3) and 0.220 (3) (Fig. 3) . The two disorder components are related by an approximate 180 rotation about the exocyclic C-C bond, so that (III) exhibits conformational disorder, with a dihedral angle between the major and minor forms of the thiophene ring of only 6.0 (8) . The torsion angle C2-C1-C12-C11 (Table 2) is very similar to the corresponding values in compounds (I) and (II); the torsion angles C2-C3-C32-C33 and C2-C3-C32-S41 are again close to the analogous values in compounds (I) and (II), so that, despite their different compositions, the overall conformations of the molecules in (I)-(III) are all very similar.
In all of the structures reported here, the naphthalene units exhibit strong bond fixation; the bonds Cx11-Cx12, Cx13-Cx14, Cx15-Cx16 and Cx17-Cx18, where x = 1 or 2 in compound (I) and nil in each of (II) and (III) (Figs. 1-3) ,are always significantly shorter than the other C-C bonds in the naphthalene units, as expected from the bond orders calculated for naphthalene itself (Glidewell & Lloyd, 1984) . The structures of the two independent molecules in compound (I), showing the atom-labelling scheme. Displacement ellipsoids are drawn at the 30% probability level.
Table 2
Selected torsion angles ( ) for compounds (I)-(III).
Cx2-Cx1-Cx12-Cx11 155.7 (2) 151.6 (2) 158.6 (3) 158.1 (3) Cx2-Cx3-Cx31-Cx32 169.7 (2) 167.2 (2) 169.5 (4) Cx2-Cx3-Cx32-Cx33 171.1 (5) Cx2-Cx3-Cx32-Sx41 171.3 (4)
Figure 2 The molecular structure of compound (II), showing the atom-labelling scheme. Displacement ellipsoids are drawn at the 30% probability level.
Figure 3
The molecular structure of compound (III), showing the atom-labelling scheme and the disordered thiophene unit; the major component, with occupancy 0.780 (3), is shown with full lines and the minor component, with occupancy 0.220 (3), is shown with broken lines. Displacement ellipsoids are drawn at the 30% probability level.
For the two molecules in the selected asymmetric unit of compound (I), comparison of the atomic coordinates for corresponding pairs of atoms in the two molecules shows that they are related by an approximate, although noncrystallographic, 2 1 screw axis along the line ( 1 4 , y, 1 2 ); a similar comparison for pairs of atoms in molecule 1 at (x, y, z) and molecule 2 at (Àx + 1, Ày + 1, Àz + 1) shows that these are related by an approximate, but noncrystallographic, a-glide plane at y = 1 4 . Hence, although the unit cell for (I) has only triclinic symmetry, the arrangement of the four molecules within it approximately mimics the arrangement that would be found in the space group P2 1 /a (Fig. 4) .
The supramolecular assemblies in compounds (I)-(III) are determined by C-HÁ Á Á hydrogen bonds (Table 3) , augmented in the case of (II) ( Table 4 ) by a C-BrÁ Á Á interaction (Matter et al., 2009; Mazik et al., 2010) . The C-HÁ Á Á interactions in (I)-(III) all have fairly long HÁ Á ÁCg distances and we have considered as structurally significant only those interactions having HÁ Á ÁCg distances less than 2.90 Å (cf. Braga et al., 1998; Takahashi et al., 2001) . On this basis, there are three significant C-HÁ Á Á hydrogen bonds in the structure of compound (I) ( Table 3 ) and these combine to link the molecules into aggregates containing four molecules of each of types 1 and 2 (Fig. 5) . The type 1 molecules act as double donors and double acceptors, while the type 2 molecules act as single donors and single acceptors. The octamolecular aggregate contains molecules of type 1 at the positions (x, y, z), (Àx, Ày + 1, Àz + 1), (x À 1, y, z) and (Àx + 1, Ày + 1, Àz + 1), and molecules of type 2 at the positions (x, y, z), (Àx, Ày + 1, Àz + 1), (x + 1, y, z) and (Àx À 1, Ày + 1, Àz + 1), so that the whole aggregate is centred at (0, 1 2 , 1 2 ) In the structure of compound (II), a combination of one C-HÁ Á Á hydrogen bond (Table 3 ) and one C-BrÁ Á Á interaction (Table 4) 2 ), where n represents an integer in each case. It is interesting to note that, despite the presence of three independent aromatic rings within the molecule, both interactions involved in the formation of the ribbon utilize the same ring, one on each face, such that the angle research papers Table 3 Hydrogen-bond parameters (Å , ) for compounds (I)-(III).
Cg1-Cg5 represent the centroids of the C115-C120, C231-C236, C111-C114/ C120/C119, C15-C20 and S31/C32-C35 rings, respectively. Symmetry codes: (i) Àx + 1, Ày + 1, Àz + 1; (ii) Àx, Ày + 1, Àz + 1; (iii) Àx + 1, Ày, Àz + 1; (iv) Àx + 2, Ày + 1, Àz + 1. Table 4 Parameters (Å , ) for the C-BrÁ Á Á(arene) interaction in compound (II).
Cg4 represents the centroid of the C15-C20 ring. 
Figure 4
The arrangement of the four molecules in the unit cell of compound (I), showing the resemblance to that expected in the space group P2 1 /a. For the sake of clarity, H atoms have been omitted. Atoms marked with an asterisk (*) are at the symmetry position (Àx + 1, Ày + 1, Àz + 1). 2 ) generated by three independent C-HÁ Á Á hydrogen bonds (shown as dashed lines). For the sake of clarity, H atoms not involved in the motifs shown have been omitted.
Br34
ii Á Á ÁCg4Á Á ÁH32 iii is 165.8 [symmetry codes: (ii) Àx, Ày + 1, Àz + 1; (iii) Àx + 1, Ày, Àz + 1; Cg4 represents the centroid of the C15-C20 ring (cf. Tables 3 and 4)].
By comparison with the supramolecular aggregation in compounds (I) and (II), that in compound (III) is very simple: a single C-HÁ Á Á interaction (Table 3) links inversion-related molecules into a centrosymmetric dimer (Fig. 7) .
It is of interest briefly to compare the structures of compounds (I)-(III) reported here with those of some related compounds. 3-(3-Bromophenyl)-1-(naphthalen-2-yl)prop-2-en-1-one, (IV) (Scheme 2) (Moorthi et al., 2007) , is a positional isomer of compound (II), differing from it only in the location of the Br substituent. While compounds (II) and (IV) crystallize in the same space group, i.e. P1, with fairly similar reduced cell repeat vectors, in (II), the inter-axial angles are all greater than 90 , whereas those in (IV) are all less than 90 , so that these compounds cannot be even approximately isostructural. The supramolecular assembly of (IV) was described (Moorthi et al., 2007) as comprising chains built from C-HÁ Á ÁBr hydrogen bonds. However, this description must be questioned on two grounds; firstly, the HÁ Á ÁBr distance in question, 2.93 Å , is not significantly shorter than the sum, 2.94 Å , of the van der Waals radii (Rowland & Taylor, 1996) , and secondly, it has been convincingly demonstrated that Br atoms bonded to C atoms are extremely poor acceptors even from good hydrogen-bond donors, such as O-H and N-H, and correspondingly worse from a weak donor, such as C-H (Brammer et al., 2001; Thallapally & Nangia, 2001) . (Thanigaimani et al., 2015) , is also an isomer of compound (II) but with the locations of the aryl and naphthyl units interchanged. Compound (V) also crystallizes in the space group P1, with reduced cell repeat vectors also similar to those of compounds (II) and (V), and with the interaxial angles all greater than 90 , although (V) is not isostructural with (II). The supramolecular assembly in (V) depends upon a single C-BrÁ Á Á interaction between inversion-related pairs of molecules forming centrosymmetric dimers.
The structures have also been reported for a number of related chalcones derived from 6-methoxynaphthaldehyde (Yathirajan et al., 2006; Butcher et al., 2007; Jasinski et al., 2009; Nayak et al., 2014; Patel & Chadha, 2015) . We also note the structures of a number of chalcones containing halogen- Part of the crystal structure of compound (III), showing the formation of a centrosymmetric dimer built from C-HÁ Á Á hydrogen bonds (shown as dashed lines). For the sake of clarity, the unit-cell outline, the minor component of the disordered thiophene unit and H atoms not involved in the motif shown have all been omitted. The S atom marked with an asterisk (*) is at the symmetry position (Àx + 2, Ày + 1, Àz + 1). substituted thiophene units (Butcher et al., 2007; Naik et al., 2015; Girisha et al., 2016) . 
Computing details
For all compounds, data collection: APEX2 (Bruker, 2012 ); cell refinement: APEX2 (Bruker, 2012) ; data reduction:
SAINT-Plus (Bruker, 2012 ); program(s) used to solve structure: SHELXS86 (Sheldrick, 2008 ); program(s) used to refine structure: SHELXL2014 (Sheldrick, 2015) ; molecular graphics: PLATON (Spek, 2009) ; software used to prepare material for publication: SHELXL2014 (Sheldrick, 2015) and PLATON (Spek, 2009 ). Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. C117-C116-H116 119.8 C217-C216-H216 119.9 C118-C117-C116 120.2 (3) C218-C217-C216 120.3 (2) C118-C117-H117 119.9 C218-C217-H217 119.8 C116-C117-H117 119.9 C216-C217-H217 119.8 C117-C118-C119 120.9 (2) C217-C218-C219 121.1 (2) C117-C118-H118 119.5 C217-C218-H218 119.4 C119-C118-H118 119.5 C219-C218-H218 119.4 C111-C119-C118 122.7 (2) C218-C219-C211 122.6 (2) C111-C119-C120 118.6 (2) C218-C219-C220 118.5 (2) C118-C119-C120 118.7 (2) C211-C219-C220 118.9 (2) C114-C120-C115 122.9 (2) C214-C220-C215 122.5 (2) C114-C120-C119 118.6 (2) C214-C220-C219 118.8 (2) C115-C120-C119 118.5 (2) C215-C220-C219 118.
118.6 (2) C234-C235-C236 118.6 (2) C134-C135-H135 120.7 C234-C235-H235 120.7 C136-C135-H135 120.7 C236-C235-H235 120.7 C135-C136-C131 121.2 (2) C235-C236-C231 121.0 (2) C135-C136-H136
119.4 C235-C236-H236 119.5 C131-C136-H136 119.4 C231-C236-H236 119.5 Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. 
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (
